Abstract-We propose practical six-junction (6J) inverted metamorphic multijunction (IMM) concentrator solar cell designs with the potential to exceed 50% efficiency using moderately high quality junction materials. We demonstrate the top three junctions and their monolithic integration lattice matched to GaAs using 2.1-eV AlGaInP, 1.7-eV AlGaAs or GaInAsP, and 1.4-eV GaAs with external radiative efficiencies >0.1%. We demonstrate tunnel junctions with peak tunneling current >400 A/cm 2 that are transparent to <2.1-eV light. We compare the bottom three GaInAs ( 
I. INTRODUCTION
H IGH-CONCENTRATION photovoltaics (HCPV) in high direct normal irradiance regions have the potential to become the lowest cost utility-scale solar energy technology. Because of the lower capital investments required to manufacture and install HCPV systems compared with traditional flat-plate photovoltaics (PV), this technology also has the potential to rapidly scale up. Although the ability to achieve these low costs depends on many factors-including the concentration, cost of the optics, and ability to achieve high energy yields in the field-efficiency is a key driver of both the module and balance-of-system costs [1] .
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Digital Object Identifier 10.1109/JPHOTOV.2017.2778567 Fig. 1 . Schematic for 6J design strategies. The second junction in any of these designs could also be composed of the 1.7-eV quaternary Ga . 7 In . 3 As . 3 P . 7 .
thermalization losses while collecting a large fraction of the solar spectrum. Recently, 46% efficiencies have been achieved using four-junction (4J) designs under concentration [2] , [3] .
Higher efficiencies yet are expected with the addition of even more junctions [4] , but practical challenges must be overcome to realize such complex devices. In particular, materials with specific bandgaps tailored to the solar spectrum must be developed with sufficiently high quality to collect nearly all the photons absorbed within each junction and to achieve reasonably high junction voltages. Further challenges include development of low-resistance ohmic contacts and transparent tunnel junctions (TJs). The quality of the junction materials with respect to voltage can be understood relative to the detailed balance limit [5] using the external radiative efficiency (ERE) as a metric [6] , [7] . Therefore, realistic predictions of the performance of series-connected multijunction solar cells can be modeled [8] to guide the development of higher efficiency devices with more junctions using less than perfect materials. Using epitaxial and metamorphic III-V alloys, several practical six-junction (6J) designs can be envisioned, as shown in Fig. 1 . These 6J designs result in about 30% lower current densities than typical two-junction, three-junction (3J), and 4J designs at a given concentration, resulting in a ∼50% reduction in the I 2 R resistive losses for a given series resistance and making higher concentrations more feasible. Notice that all three strategies use the same top three junctions, all lattice matched (LM) to GaAs. While an AlGaAs second junction is illustrated in Fig. 1 , the quaternary GaInAsP alloy could also be used for the 1.7-eV junction [9] , [10] . The first two designs are logical extensions of the inverted 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. The junctions have been thinned as necessary, for optimal efficiency resulting in 1-sun limiting current density of 9.2 mA/cm 2 . The junction quality is characterized by constant EREs of 0.1%, 1%, and 1% in the top three junctions, respectively. The bottom three junctions for metamorphic and LM versions are estimated by ERE = 0.1% (blue) or 1.0% (red). Luminescent coupling is included assuming β = 11 (see [8] ). The two line styles illustrate the importance of low series resistance for high concentration. metamorphic multijunction (IMM) strategy [2] , [11] , while the third design is an extension of the bonded multijunction strategy [3] . To achieve a 0.70-eV bottom InGaAs junction rather than a 0.73-eV junction, a short metamorphic grade beyond the InP lattice constant may be required.
The performance of the 6J designs with bandgaps shown in Fig. 1 is modeled in Fig. 2 using realistic values of series resistance and ERE. These modeled predictions indicate that 50% efficiency could be achieved at moderately high concentrations if the component junctions are developed with sufficient quality. While the ERE of actual junctions varies with injection current density, it tends to saturate at high current densities when the dark current is dominated by recombination in the quasi-neutral regions. For computational simplicity, we have assumed constant EREs listed in the figure caption that are demonstrated experimentally in the single-junction devices discussed later in this paper, at high currents typical for 100-1000-sun concentration.
In this paper, we demonstrate single-junction versions of each of the bandgap materials needed to realize these 6J solar cell designs and quantify the ERE achieved in these newly developed junctions. Transparent TJs are developed to minimize parasitic absorption, and strategies for minimization of series resistance are investigated. Initial results for integration of these junctions are also presented.
II. EXPERIMENTAL DETAILS
Inverted III-V junctions are grown by atmospheric pressure organometallic vapor phase epitaxy (OMVPE) on (0 0 1) GaAs and InP substrates. The vertical OMVPE reactor is RF induction heated with the nominal temperature measured by a thermocouple in the center of the graphite susceptor. The actual surface temperature is generally within 10°C of the susceptor temperature. Although there are many tradeoffs between growth on A and B miscut substrates including ordering, dislocation glide dynamics, and dopant incorporation [10] , [12] , [13] , substrates miscut 6°toward (1 1 1)A have been used in this study. All junctions are grown in an inverted configuration [11] and processed with substrate removal. Devices with 0.1-cm 2 area were fabricated with electroplated gold grids with 125-400-μm finger spacing. Isotype III-V filters are used in single-junction devices to mimic the optical environment the junction would be exposed to within the full 6J design. Unless noted, devices have been measured without an antireflective coating (ARC).
Solar cell devices are characterized by the external quantum efficiency (EQE) with a simultaneous measurement of the specular reflectance, light and dark current-voltage (I-V), and quantitative electroluminescence (EL) measurements. The internal quantum efficiency (IQE) is shown for devices without an ARC to predict what is expected of the EQE with ARC. The ERE is determined from the dark I-V and EL measurements over different ranges of current injection. The EL emitted under forward bias current injection was measured with a spectroradiometer and calibrated to overlap the dark I-V, as described in [7] , [8] , and [14] . The effective junction bandgap (E g ) is determined directly from the EQE, as described in [15] . To prevent the effects of the back surface reflector that would not be reproduced within the multijunction device, an absorbing back contact is typically used in these single-junction devices. The ERE is closely related to the W OC = E g /q -V OC metric of the light I-V [16] , where V OC is the open-circuit voltage and q is the elemental charge. ERE on the order of 1% indicates very good material quality.
III. LATTICE-MATCHED JUNCTIONS
We have developed III-V alloy junctions LM to GaAs with the appropriate bandgaps for the top three junctions of 6J IMM designs using 2.1-eV AlGaInP, 1.7-eV AlGaAs or GaInAsP, and 1.4-eV GaAs. High-Al-containing alloys are challenging due, in part, to increased oxygen incorporation, but high growth temperatures (750°C) in Al x Ga .51−x In .49 P junctions enable excellent material quality [17] . The use of (0 0 1) GaAs substrate miscut 6°toward (1 1 1)A also helps reduce oxygen incorporation compared with B miscut substrates and enables a given bandgap at a lower Al composition because of reduced atomic ordering. Fig. 3 shows the performance of inverted LM Al x Ga .51−x In .49 P homojunctions as a function of the Al composition. The base of these homojunction devices is 1 μm thick and Zn doped (∼1e17 cm −2 ); the emitter is 50 nm and Se doped (∼2e18 cm −2 ). The carrier collection of all of these devices is excellent as shown by the IQE and indicates that the 2.1-eV junction can provide ∼ 9 mA/cm 2 photocurrent required for current matching of the target 6J. The absolute junction quality as quantified by the ERE [8] unfortunately falls at high concentration (current density) as the Al composition is increased. This may be related to increased oxygen incorporation and the transition of AlGaInP from a direct to indirect material. Nevertheless, inverted 2.1-eV Al . 18 Ga . 33 In .49 P junctions maintain moderately high quality ERE >0.1% at and above 1-sun currents. This is the ERE used in the modeling of Fig. 2 .
The top junction presents special development challenges because the overall series resistance is highly dependent on the lateral emitter sheet resistance (R sh ) of the emitter layer between grid fingers. Very high n-type Se doping in Al . 18 Ga .33 In .49 P emitters dramatically reduces the diffusion length along with the sheet resistance, resulting in a tradeoff between R sh and short-circuit current density (J SC ) of the top junction. We expect that some of the high series resistance can be mitigated with a tighter grid spacing, although this would also lead to a drop in the photocurrent due to increased shadowing loss. Because the electron mobility in Al x Ga .51−x In .49 P is highly dependent on Al%, a lower Al composition in the emitter can also improve this tradeoff, as shown in Fig. 4 . The lower Al in the 50-nm emitter [18] of these "reverse heterojunctions" with 18% Al in the 1-μm-thick base results in very similar bandgaps that are based on the shape of the quantum efficiency (QE) (as defined in [15] ). Some photon collection below 2.1 eV that depends on the thickness and diffusion length of the lower Al% emitter appears to slightly lower the V OC at 1 sun. The tradeoff with V OC becomes more pronounced at higher concentrations, where the spread in EL that is observed in Fig. 4 is confirmed by the V OC of flash concentrator I-V measurements (not shown). These tradeoffs between 1-sun J SC , concentrator V OC , and the fill factor must be considered carefully to determine the optimal top junction design in the final 6J. We will explore these tradeoffs in more detail elsewhere. We next compare 1.7-eV AlGaAs and GaInAsP junctions LM to GaAs for use as a second junction in Fig. 5 . Approximately 2-μm-thick-base absorber layers with low Zn doping were used for these junctions. Excellent results are achieved for both alloys with EQE over 80% and ERE that rises from 0.1% at 1-sun currents (∼10 mA/ cm 2 ) to over 1% at 100 suns (∼ 10 3 mA/cm 2 ). The 1.7-eV GaInAsP LM quaternary requires carefully designed growth conditions to avoid phase separation that degrades performance [19] . Cu-Pt ordering at moderate growth temperatures may contribute to dynamic stabilization of this metastable alloy, while A miscut substrates limit surface diffusion and, thus, phase separation. While AlGaAs grown at 750°C achieves the highest ERE at concentration, GaInAsP grown optimally at a temperature of 650°C is almost as good and may be less likely to degrade the previously grown TJ between the 2.1-and 1.7-eV junctions.
Inverted GaAs junctions are well established and have demonstrated ERE well over 10% [6] , but we have conservatively modeled this junction in Fig. 2 using only 1% ERE.
IV. METAMORPHIC JUNCTIONS
Previous generations of the IMM structure [2] have used more than one compositionally graded metamorphic buffer (CGB) layer to gradually change the lattice constant to arbitrary values between GaAs and InP for each of the bottom junctions, as shown in Fig. 1(a) . The bottom three junctions could also be grown LM on InP and mechanically stacked with the three junctions grown on GaAs, as shown in Fig. 1(c) (similar to Soitec's bonded 4J strategy [3] ). However, the lowest cost 6J design could be achieved using a single metamorphic grade from GaAs to InP or beyond [see Fig. 1(b) ], if it can be made sufficiently transparent while maintaining low dislocation densities needed for high-ERE bottom junctions.
We have demonstrated metamorphic grades from GaAs to the InP lattice constants with low threading dislocation densities (TDD) < 3 × 10 6 cm −2 , which are also transparent to light below the bandgap of GaAs using the Burstein-Moss effect of high Se doping [12] . While more challenging than growth on 2°B miscut substrates, high-quality transparent grades have also been grown on 6°A using an initial graded region of AlGaInAs to avoid phase separation that would occur in a disordered GaInP grade. Fig. 6 shows a comparison of results for (a) 1.2-eV, (b) 1.0-eV, and (c) 0.73-eV junctions grown using the three strategies outlined above. The green curves in Fig. 6 show data for GaInAs(P) junctions grown LM on InP. These junctions would be used in the bonded design shown in Fig. 1(c) and provide LM comparisons for the lattice-mismatched subcells. The red curves in Fig. 6 show data for ternary InGaAs junctions grown on the metamorphic grade that changes the lattice constant from GaAs just enough to achieve the correct InGaAs bandgap. These junctions would be used in the IMM design shown in Fig. 1(a) . The blue curves in Fig. 6 show data for quaternary GaInAsP junctions that are grown on transparent metamorphic buffers that grade the lattice constant from that of GaAs to InP. These junctions would be used in the IMM design shown in Fig. 1(b) . Because the various strategies are not identically filtered and do not have an ARC, the light I-V is shifted to 9 mA/cm 2 to determine the 1-sun V OC as would be expected in the 6J design. The W OC is a better figure of merit than V OC because the E g also varies with composition and ordering. The ERE, also shown in Fig. 6 , is ultimately the best measure of absolute quality because it shows how the junction will perform at higher concentrations as well as removing considerations of differing bandgap.
Almost all of these low-bandgap junctions provide sufficient quality relative to voltage to make the three strategies of Fig. 1 possible with ERE ranging from 0.1% to 10% at high currents. The incomplete carrier collection (i.e., low IQE) of the 1.2-eV metamorphic quaternary GaInAsP junction, though, is most concerning for the IMM design shown in Fig. 1(b) . In general, the metamorphic ternary InGaAs junctions, which would be used in the IMM design shown in Fig. 1(a) , are surprisingly almost as good as the quaternary GaInAsP junctions that are LM to InP, which would be used in the bonded approach shown in Fig. 1(c) . The quaternary GaInAsP junctions appear to be particularly challenging when grown on a rough metamorphic grade at a high bandgap. This may be due to the tendency of the material to phase separate or a result of imperfect interfaces at the passivating window and back surface field (BSF) layers. Although the conclusions drawn here may change with improved growth conditions, they provide a lower bound on the possible junction qualities that may be obtained.
V. TRANSPARENT TUNNEL JUNCTIONS
Previous 3J and 4J IMM devices [11] , [20] used TJs composed of Al 0.3 Ga 0.7 As:Se/12-nm GaAs:Se/Al 0.3 Ga 0.7 As:C that were sufficiently transparent for those designs, which utilize a 1.8-eV top junction. The parasitic optical absorption of this TJ between the first and second junctions of the 6J designs proposed here results in significant current loss in the second 1.7-eV junction. We have investigated TJs using more transparent materials such as Al 0.6 Ga 0.4 As and Al 0.5 In 0.5 P, but a thin GaAs quantum well (QW) appears to be essential for high peak tunneling current. Fortunately, the thin nature of the QW does not result in significant parasitic absorption. Fig. 7 shows successful TJ test structures using these materials. The increased p-type doping in the Al 0.6 Ga 0.4 As:C seems to contribute to even better peak tunneling current in these more transparent TJs. Fig. 8 illustrates the improved TJ transparency of the 1.7-eV AlGaAs second junction when a more transparent AlGaAs TJ is used within a 3J device that is similar to the top three junctions of the 6J designs. The photocurrent of the second junction has improved by about 0.6 mA/cm 2 . The top junction of these 3J devices is a reverse heterojunction with 6% Al in the emitter. The top EQE has also been improved with lower Se doping in the window layer.
VI. INITIAL MULTIJUNCTION INTEGRATION
The results presented in Fig. 6 indicate superior quality of InGaAs metamorphic junctions relative to the metamorphic quaternary GaInAsP junctions thus far. Therefore, we have begun to integrate 5J and 6J IMM devices using the bandgaps and Fig. 7 . TJ comparison using 10 −4 cm 2 area devices. Each TJ contains a 12-nm-thick Se-doped GaAs QW, but the material of the highly doped cladding layers is varied. Fig. 8 . EQE of inverted triple-junction solar cells that will form the top junctions of a 6J. The dashed lines use the old nontransparent TJ that consists of n and p Al . 3 Ga . 7 As layers with a 12-nm GaAs QW, while the solid lines use a more transparent TJ that consists of n Al . 5 Ga . 5 As and p Al . 6 Ga . 4 As layers with a 6-nm GaAs QW. The sum of the QEs is shown in black to highlight the parasitic absorption from an opaque TJ. Integrated EQE estimates of junction photocurrents are listed with the improved TJ values italicized. A MgF 2 /ZnS ARC has been deposited on these devices. strategy shown in Fig. 1(a) . The new Al .6 Ga . 4 As transparent TJ design with a GaAs QW was used for the top three TJs, and GaAsSb:C/GaInAs:Se TJs were used between metamorphic junctions [20] . The IQE of these multijunction devices is shown in Fig. 9(a) , and I-V curves at 1 sun (bottom) and high intensity (top) are shown in Fig. 9(b) .
The challenge of thermal degradation during multijunction integration is illustrated using a 5J IMM in Fig. 9 . Our initial attempt at a 5J IMM (blue dotted curves) resulted in a significant resistive barrier that reduces the fill factor but did not appear to be the result of TJ degradation. This resistive barrier seems to be the result of Zn diffusion from the GaInP BSF of the GaAs junction [21] , since either lower CGB growth temperatures 650°C (orange dashed curves) rather than 725°C or the use of AlGaAs:C BSF (green solid curves) eliminates the effect. While low-temperature CGB growth eliminates the Fig. 9 . (a) IQE corrected for luminescent coupling and (b) I-V curves of 5J (blue, orange, and green), and 6J (red) IMM devices without ARC using the strategy of Fig. 1(a) . The bottom panel of (b) shows spectrally adjusted 1-sun curves for AM1.5D. The top panel of (b) shows high-intensity pulsed solar simulator (HIPSS) curves under various intensities of illumination. The HIPSS spectrum was not adjusted for standard spectral conditions .The junctions include 2.1-eV reverse heterojunction Al . 18 Ga . 33 In . 49 P, 1.7-eV Al . 2 Ga . 8 As, 1.4-eV GaAs, 1.1-eV InGaAs, 0.9-eV InGaAs, and 0.7-eV InGaAs. The emitter of the top reverse heterojunction uses 0% Al in the 5J and 3% Al in the 6J. AlGaInAs metamorphic grades are located between the third and fourth junctions and between the fourth and fifth junctions. GaInP and InPSb grades are located between the fifth and sixth junctions. The dotted and dashed lines used Zn-doped GaInP BSF in the GaAs junction, while the solid lines used C-doped AlGaAs BSF. The CGBs were grown at 725°C for the solid and dotted lines and at 650°C for the dashed lines.
resistive barrier, the IQE of the metamorphic junctions is significantly reduced, likely due to slower dislocation glide that results in higher TDD in the junction; therefore, an important tradeoff between metamorphic junction quality and resistive barriers must be considered. Alternatively, diffusion resistant junctions that, for example, use C rather than Zn doping may allow for high-temperature growth without degradation. The full analysis of this thermal degradation mechanism will be presented elsewhere.
Finally, we have fabricated a 6J device (red curves in Fig. 9 ) using the lessons learned above. One-sun results without an ARC demonstrates performance characterized by V OC = 5.15 V, J SC = 5.6 mA/cm 2 , and a fill factor of 86%. The excellent IQE indicates that the 1-sun limiting photocurrent could reach 8.5 mA/cm 2 with an ARC and additional current balancing. Unfortunately, the added thermal load of the final CGB and junction has again resulted in a resistive barrier at high concentration, but we are confident that similar analysis of the degradation will help us identify and eliminate this resistance.
VII. CONCLUSION
We have proposed strategies for achieving over 50% efficiency in practical 6J solar cell designs. The individual junctions required for these designs have been demonstrated and their quality quantified by the ERE. We have found the design that incorporates three metamorphic grades between the last 4Js to be very promising due to the excellent quality of metamorphic InGaAs junctions. We have demonstrated integration of the 5J and 6J devices using this strategy. Current balancing to over 8.5 mA/cm 2 of the 6J structure appears possible using newly developed transparent TJs and metamorphic grades. A single-grade design will require more development for comparable quality junctions.
We have demonstrated excellent performance of an initial 6J IMM device at 1 sun, but achieving low series resistance remains the primary challenge to achieving 50% efficiency. Resistive barriers that develop during the thermal load of subsequent growth must be resolved. In addition, tradeoffs in the design of the top junction and grid must be optimized to provide sufficient photocurrent and sheet resistance with minimal voltage loss at high-concentration operation.
